Previous studies revealed that electromagnetic cyclotron waves (ECWs) near the proton cyclotron frequency exist widely in the solar wind, and the majority of ECWs are left-handed (LH) polarized waves. Using the magnetic field data from the STEREO mission, this Letter carries out a survey of ECWs over a long period of 7 years, and calculates the occurrence rates of ECWs with different polarization senses. Results show that the occurrence rate is nearly a constant for the ECWs with right-handed polarization, but it varies significantly for the ECWs with LH polarization. Further investigation of plasma conditions reveals that the LH ECWs take place preferentially in a plasma characterized by higher temperature, lower density, and larger velocity. Some considerable correlations between the occurrence rate of LH ECWs and the properties of ambient plasmas are discussed. The present research may provide evidence for effect of alpha particles on generation of ECWs.
Introduction
In recent years, a series of studies showed that coherent low frequency electromagnetic cyclotron waves (ECWs) with a typical frequency of 0.1−0.5 Hz at 1 AU can be detected widely in the solar wind (Jian et al. 2009 (Jian et al. , 2010 Boardsen et al. 2015; Gary et al. 2016; Wicks et al. 2016) . These waves are characterized by narrow band and have frequencies near the proton cyclotron frequency. They are transverse waves and propagate mainly in the directions quasi-parallel (or antiparallel) to the ambient magnetic field. They can be sporadic in occurrence with a median duration of 51.5 s (Jian et al. 2009 ), or appear in clusters with durations exceeding 10 min . Their polarization senses can be left-handed (LH) or right-handed (RH) with respect to the magnetic field in the spacecraft frame, and more ECWs were found to be LH polarized waves with percentage of 64% (Jian et al. 2009 ) or 55% ) at 1 AU.
Theoretically, many mechanisms can contribute to the generation of the ECWs.
They are related to plasma instabilities driven by temperature anisotropies and/or differential velocities between ion populations (Gary 1993; Li & Habbal 2000; Lu et al. 2006; Verscharen et al. 2013; Omidi et al. 2014) . A plasma with perpendicular temperature (T ⊥ ) larger than parallel temperature (T ) may amplify ion cyclotron waves that are inherently LH polarized, while a plasma with converse temperature anisotropy (T ⊥ < T ) can excite magnetosonic waves that are RH polarized in the plasma frame. When ion beam/core relative flow speed is large sufficiently (typically exceeding the Alfvén speed; Gary (1993, p166) ), the plasma may generate ion cyclotron waves or magnetosonic waves depending on beam parameters. For details of the mechanism associated with differential flow of protons, one can also refer to the literature (e.g., Abraham-Shrauner et al. 1979; Daughton & Gary 1998; Daughton et al. 1999; Goldstein et al. 2000) . The combined effects of temperature anisotropies and proton differential flows have also been discussed in the -4 -recent year, in the case of slow solar wind (Gary et al. 2016) as well as descending part or trailing edge of fast solar wind (Wicks et al. 2016; Jian et al. 2016) . Their results tend to suggest that the main driver of instabilities is temperature anisotropies, but proton differential flows provide additional free energy and amplify the wave growth in the solar wind (Wicks et al. 2016; Jian et al. 2016) .
In this Letter, we report our finding that the LH ECWs and RH ECWs have significantly different behaviors in their time-dependent occurrence rates as well as preferential plasma conditions, which may provide indication or important constraint on the mechanisms of generating ECWs in the solar wind. The data and analysis methods used in this Letter are described in Section 2. Section 3 presents the results, and Section 4 gives our discussion and summary.
Data and analysis methods
The data used in the present Letter are from the STEREO-A spacecraft, which has orbits near 1 AU in the ecliptic plane and can provide continuous magnetic field data with resolution of 8 Hz as well as plasma data with resolution of 1 min (Kaiser et al. 2008; Luhmann et al. 2008; Galvin et al. 2008) . Based on the magnetic field, we perform a survey of ECWs and calculate their occurrence rates over the period between 2007 and 2013.
An automatic wave detection procedure is employed to identify ECWs. The procedure is developed by Zhao et al. (2017) and mainly consists of three steps for magnetic field data in some time interval of 100 s. The first step is to obtain the normalized reduced magnetic helicity that takes values in the range from −1 to 1 (Matthaeus & Goldstein 1982; Gary & Winske 1992; He et al. 2011) . The magnetic helicity is actually a spectrum with resolution of 0.01 Hz, and the spectrum values are examined in the frequency range from 0.05 to 1 Hz. If the spectrum has positive values ≥ 0.7 or negative values ≤ −0.7 in some -5 -frequency band with minimum bandwidth of 0.05 Hz, the second step will be carried out to identify enhanced power spectrum requiring transverse wave power three times larger than the background power in the same frequency band; the background power is obtained via fitting the entire transverse power spectrum with a power law. A wave amplitude criterion of 0.1 nT is also set, which completes the third step. During the process a Hamming window and a band-pass filter are used to reduce edge effects and determine a wave amplitude (Bortnik et al. 2007; Wilson et al. 2009 ). The procedure can give the time intervals of ECW occurrence, and their time occurrence rates accordingly. It can also directly give the polarization senses of the waves based on the sign of spectrum values of magnetic helicity.
Note that the polarization is described in the spacecraft frame throughout the paper except that we point out the plasma frame. The polarization will reverse in the two different reference frames for ECWs propagating toward the Sun (e.g. Jian et al. 2009; Gary et al. 2016 ). This is due to the presence of large Doppler shift resulting from fast movement of the solar wind relative to the (approximately standing) spacecraft. The speed of the solar wind is typically 5−8 times of the Alfvén speed, which is also much greater than the phase velocity of the ECWs, i.e., typically the Alfvén speed (Jian et al. 2009 (Jian et al. , 2010 . The Doppler shift can be estimated via the relation Jian et al. (2009) , where f sc and f sw are the wave frequency in the spacecraft frame and in the plasma frame, respectively, k denotes the wave propagation vector, V sw is the solar wind velocity, and V A is the Alfvén speed. It is clear that the second term dominates with consideration ofk ·V sw ≃ 1 (for ECWs propagating away from the Sun) ork ·V sw ≃ −1 (for ECWs propagating toward the Sun).
-6 -
Results
Figure 1 presents the most important finding of this Letter, in which the occurrence rates for each month are plotted. In the figure the red line shows the occurrence rates of ECWs with LH polarization and blue line displays those with RH polarization. One may first find that the occurrence rate of LH ECWs is larger than that of RH ECWs for most of months, which is compatible with previous result that more ECWs are LH polarized waves in the solar wind (Jian et al. 2009 (Jian et al. , 2010 Boardsen et al. 2015) . In particular, the occurrence rate of LH ECWs fluctuates considerably in a wide range from about 0.5% to 2%, it exceeds 2.5% in some months. The occurrence rate of RH ECWs, however, just shows weak fluctuation around 0.46% (mean value, with a standard deviation of 0.22%), and may be seen approximately as a constant relative to the occurrence rate of LH ECWs.
In addition, it should be noted that minimum of the occurrence rate of LH ECWs is comparable to that of RH ECWs.
In order to understand the implication of the result presented in Figure 1 while the black line is for median of the plasma parameter for all plasmas (referred to as "ambient median" for convenience). The plasma parameter associated with ECWs refers to the plasma data almost simultaneously arising with the ECWs; here an averaging operation is made for the plasma data over each time interval of 100 s once an ECW is found in -7 -the same interval. On the contrary, the plasma parameter for all plasmas refers to all the plasma data irrespective of whether the ECWs are in presence or not. One can find that the medians associated with the waves vary with trends similar to those of the ambient medians. In particular, the median of proton temperature (density) as well as velocity is predominantly larger (smaller) than the corresponding ambient median. This result should be interesting and tends to imply that the high temperature, low density, and large velocity are preferential plasma conditions for generation or survival of LH ECWs in the solar wind.
Furthermore, it seems to be fulfilled that a plasma with higher temperature, lower density, and larger velocity will favor a higher occurrence rate of LH ECWs, since these quantities show positive or negative correlations by comparing the time series between Figure 3 is the best linear fit to the scatter data. As shown, the correlations are considerable, with their correlation coefficients (C) as high as close to 0.8.
As for the case of RH ECWs (not shown), the above preferential plasma conditions for the wave generation as well as dependence of occurrence rate of the waves on ambient plasma properties are not clear; the medians of the plasma parameters for the RH ECWs vary around the ambient medians, and the correlation between the wave occurrence rate and ambient temperature as well as velocity is also negligibly small, with C < 0.2.
Discussion and summary
ECWs are common wave activities in the solar wind (Jian et al. 2009 . Using the data from the STEREO-A spacecraft and the method developed by Zhao et al. (2017) , this shown that the plasmas in high-speed streams are characterized by higher temperature, lower density, and larger velocity than those in slow-speed flows (Burlaga 1974; Gosling et al. 1978; Cranmer 2002) , which first provides preferential conditions contributing to a higher occurrence rate of LH ECWs according to the present research. Moreover, minor ions such as alpha particles in high-speed streams, flow generally faster than protons, therefore forming differential flow with velocity on the order of the Alfvén speed (Marsch et al. 1982a; Marsch 1991; Kasper et al. 2008) . We believe that the presence of such differential flow could offer a specific mechanism on generating LH ECWs in the solar wind. This idea is also supported by observation of alpha particles. (Hellinger & Trávníček 2006; Podesta & Gary 2011) . In particular, the results from Podesta & Gary (2011) show that the alpha−proton differential flow causes instability with T ⊥ > T to preferentially generate ion cyclotron waves propagating away from the Sun, and it causes instability with T ⊥ < T to preferentially generate magnetosonic waves propagating toward the Sun. Note that although magnetosonic waves are RH waves in the plasma frame, these waves shall also appear as LH waves in the spacecraft frame due to the large Doppler shift as described in Section 2. In one word, proton temperature anisotropies generate the observed LH ECWs when one takes into account the differential flow of alpha particles relative to the protons (Podesta & Gary 2011 ).
The present discussion tends to imply local sources of ECWs driven mainly by proton temperature anisotropies that are common in the solar wind (Marsch et al. 1982b (Marsch et al. , 2004 Matteini et al. 2012) . The temperature anisotropies can generate ion cyclotron waves or magnetosonic waves via instabilities. These waves may propagate toward or away from the Sun with a comparable probability. The second version may be that almost all of the waves propagate away from the Sun, where the waves are composed of ion cyclotron waves and equal amount of magnetosonic waves in principle (Gary et al. 2016; Jian et al. 2016 ). Both cases above lead to a similar occurrence rate for LH and RH ECWs, which may be the reason why LH and RH ECWs have their comparable minima of occurrence rates shown in Figure 1 . However, the presence of high-speed streams and therefore differential flow of alpha particles would change the situation above; the differential flows have an important effect on the proton temperature anisotropy instabilities and causes the instabilities preferentially generating LH ECWs (Podesta & Gary 2011) . In this regard, it -10 -becomes easy to understand why occurrence rates for LH and RH ECWs are different and more ECWs are LH waves in the solar wind.
In summary, this Letter finds significant differences in behavior of occurrence rates between the LH ECWs and RH ECWs. The occurrence rate for each month is nearly a constant for the RH ECWs over the period of 7 years, but it varies significantly for the LH ECWs over the same period. The plasma with a higher temperature, lower density, and larger velocity favors the LH ECWs, but there seems to be no preferential conditions for the RH ECWs. Further analysis indicates that the present finding is consistent well with the theory for effect of differential flow of alpha particles on generation of ECWs. This finding hence probably is an evidence for the effect concerning alpha particles. Further studies related to instability simulations are needed, and the parameters found here could constrain initial conditions for the simulations to confirm the speculations in the present Letter. It is clear that the occurrence rate for LH ECWs (red line) varies significantly, while it is nearly a constant for RH ECWs (blue line). 
